The distensibility of the aorta was measured in anesthetized dogs by injecting blood at controlled rates into an isolated segment. Constrictor drugs produce a moderate increase in distensibility of the aorta at low pressure ranges and a more marked increase in distensibility at normal pressures. Studies of the splanchnic venous system of intestinal loops by the same method, and also by a method which does not require interruption in blood flow, gave evidence of the same type of distensibility phenomena as seen in the aorta, although at low pressures the venous distensibility tends to be actually decreased by vasoconstriction. The splanchnic venous system also differs from the aorta in that it is very dependent upon the rate of pressure-volume change. These results are analyzed in terms of the basic mechanisms involved and their physiologic implications.
C ONTRACTION of the smooth muscle in the wall of a blood vessel should alter two of its properties: (a) the volume within the vessel at any given pressure, and (b) the change in volume (distensibility) produced by a given change in pressure. It might be logical to suppose that these two properties would be altered in the same direction, constriction being associated with a decreased distensibility. In the case of the aorta, however, available evidence does not support such an assumption. Studies of the action of vasoconstrictor drugs on pulse wave velocity in vivo 1 and on the elasticity of aortic rings in vitro 2 have indicated that the muscular component is the most distensible of the elastic elements in the vessel. Direct evidence of this relationship in the living animal has been published by Wiggers and W6gria 3 who demonstrated that, with the same pulse pressures, the pulsatile changes in diameter recorded from the constricted aorta are greater than those recorded from the normal aorta. Recent studies of the action of constrictor drugs on the distensibility of the carotid sinus region also demonstrate an increased distensibility associated with constriction. 4 From the Department of Physiology, Western Reserve University School of Medicine, Cleveland, Ohio.
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To assess the influence of A'asoconstriction on the distensibility characteristics of the splanchnic venous system, this problem has been subjected to further study. This report presents initially a reinvestigation of the elasticity changes in the aorta produced by constrictor drugs, to serve as a model, followed by an analysis of the splanchnic venous system as studied by the same experimental technics. GENERAL 
METHODS
Vascular distensibilities were measured in dogs anesthetized with sodium barbital after sedation with morphine. The basic plan of study was to prepare the vascular segment so that the normal circulation through it could be briefly interrupted in order to inject it with known volumes of blood. During the injection, the intravascular pressure was recorded with an optical manometer, yielding a direct recording of the pressure-volume diagram of the vessels.
The injections were performed with a syringe driven by a constant speed motor through a gear train. Selection of the appropriate gears provided injection rates of from 10 to 250 cc. per minute; miter gears on a sliding axle permitted reversal of the gear train for filling the syringe. To assure smooth mechanical action, the syringe was filled with mineral oil and made connection with the blood vessels through an oil trap, arranged so that the animal's own blood was displaced from the bottom of the trap as oil was injected at the top. Heparin or Paritol A* were used as anticoagulants. * Kindly supplied by Dr. Joseph Seifter of the Wyeth Institute of Applied Biochemistry, Philadelphia, Pa.
Initial preparation required occluding all collateral channels of blood flow to the organ under study and rerouting the arterial supply and venous drainage through external circuits provided with large bore stopcocks and suitable connections to the injector and the manometer. In preparation for a test injection, the stopcock in the arterial supply circuit was closed and then an interval of 3 seconds (aorta) to . 1. 0 seconds (intestine) allowed for venous drainage and pressure equilibration. To eliminate collapse phenomena from the distensibility-data, venous pressure was held to a small but positive value by the hydrostatic level of an open tube which delivered the venous return into a funnel connected with a jugular vein. After the prescribed interval for pressure stabilization, the stopcock in the venous circuit was closed and the injection initiated with the motor driven syringe. It should be emphasized that blood flow was maintained at all times except for the brief intervals required for performing the initial cannulations and the subsequent test injections. To avoid complications due to the delayed compliance characteristic of the vascular bed, 5 successive injections were performed at accurate intervals of 10 minutes and pressure 'allowed to equilibrate at standard conditions throughout this interval.
Adrenalin (Parke Davis) was employed as the constrictor drug in most experiments, administering 0.02 mg. intra-arterially just before occluding the blood supply for a distensibility determination. In some experiments, vasoconstriction was produced by Neo-Synephrine administered in the same fashion. Because of the possibility of reactive hyperemia occurring during the period of circulatory stagnation associated with the distensibility measurement, all determinations, both with and without drugs, were performed according to exactly the same procedure by synchronizing each manipulation with the clicking of a one-second relay clock.
STUDIES OF AORTIC DISTENSIBILITY
Methods. The thoracic aorta was approached through a wide incision produced by resecting the fourth and fifth ribs on the left. The intercostal branches were ligated and the vessel stripped some two hours prior to heparinization in order to eliminate leakage of injected blood through minute vessels. A segment, usually extending from the third to the sixth ribs, was thereby isolated and the central end cannulated and supplied with blood from a carotid artery, while the distal end was connected with the circuit emptying into the jugular vein. A screw clamp was applied to the plastic tubing leading to the venous collection funnel and tightened so as to reduce the flow of blood through the aorta to about 50 cc. per minute. To maintain blood flow to the caudal half of the animal, a carotid to femoral artery shunt of large diameter tubing was established before occluding the thoracic aorta for cannulation. As a matter of technical convenience, injections were made into the distal end of this preparation while pressure was recorded from the central end.
A particular advantage of this preparation was that the initial volume existing in the vessel at "zero" pressure, just prior to starting the injection, could be measured by sucking its contents out with a syringe until complete collapse of the vessel occurred.
Form of Aortic Pressure-Volume Diagrams
In figure 1 are presented the pressure-volume diagrams obtained in an aortic preparation uponinjection and withdrawal of blood at rates of 10 cc. per minute and 100 cc. per minute. As has been observed by others, 2 the curves are of sigmoid form, and the injection and withdrawal curves describe a "loop." With a tenfold increase in rate of injection, there is a steeper climb of pressure in the high pressure range, but this difference is so slight over most of the pressure range as to be scarcely beyond the error of measurement. This indicates that in the case of the aorta, in this range of injection speeds, the rate of injection is of very minor importance in determining the form of the pressure-volume diagram.
FIG. 2. Pressure-volume diagrams obtained from the uorta by injection with blood at a rate of 50 cc. per minute before ("Dilated") and after ("Constricted") adrenaline. This graph is a transposition of the original recordings to a common abscissal scale.
Influence of Constrictor Drugs on the Pressure-Volume Diagram. Figure 2 illustrates the pressure-volume diagrams of the aorta before and after the administration of adrenaline. This experiment represents the greatest response to the drug which has been observed, possibly related to mechanical difficulties in the circuit shortly before starting this series of recordings which resulted in a period of about two minutes of ischemia of the aorta. All experiments, however, showed the same type of shift between the control recording and that obtained after adrenaline, even though the reactivity of the aorta was slight in about half of the preparations studied.
It will be noted that the constricted aorta contains less than half of the volume of the dilated aorta at the lowest pressure range, while at high pressure the volumes are essentially equal. Up to a level of about 200 mm. Hg, there is therefore a significantly greater distensibility in the constricted aorta than observed in the dilated aorta.
Tension-Length Diagrams of the Aorta. To gain fuller insight into the significance of the data shown in figure 2, they were converted into values for tension and length. To accomplish this, external measurements of diameter and length of the aortic segment were made accurately with calipers at a series of static pressures. With the aortic segment freely mobilized, the average increase in length with a pressure change from 0 to 250 mm. Hg was 36 per cent, compared with a 62 per cent average increase in diameter. This represents a 36 per cent increase in volume due to elongation and a 152 per cent increment in volume due to the increase in cross-sectional area.
Dividing the measurements of length into the volumes at the same pressures, as recorded in figure 2, makes it possible to calculate values for internal diameter from the volume data. The difference between the calculated internal and measured external diameters at zero pressure was used as a measure of wall thickness. From the pressure-volume data obtained with the injector, it was then possible to derive figures for the external diameter of the aorta at different pressures. Comparison of these derived data with the directly measured external diameters revealed an average error of only 3.1 per cent, some of which could be accounted for by a tendency for the wall to become thinner at higher pressures. The agreement in these calculations appeared to justify use of the directly determined longitudinal length measurements to derive circumferential length values from the injection data.
The results of converting the volume and pressure data of figure 2 into values for internal circumference and tangential tension are shown in figure 3 . These curves further indicate the greater distensibility of the constricted vessel wall. They bear a striking resemblance to those obtained by Remington, Hamilton, and Dow 2 from stretching aortic rings in vitro, and would seem to be amenable to the same explanation: The greater distensibility of the muscular component dominates the elastic characteristics of the constricted vessel at lower pressures where the muscle is carrying most of the load. In the dilated vessel and in the constricted vessel at high pressures, the limiting factor dominating the elastic characteristics of the vessel resides in the elastic and fibrous tissue which is significantly less distensible than the muscle.
STUDIES OP SPLANCHNIC VENOUS DISTENSIBILITY

Methods and Form of the Pressure-Volume
Diagram. A loop of intestine comprising about 20 cm. of ileum was isolated with all collateral blood vessels and visible nerves ligated and cut, including complete severance from the adjacent intestinal segments. The mesenteric artery was supplied from a carotid circuit, and the mesenteric vein connected to the jugular circuit. When injections were made into the venous end of such a loop, while recording pressures from both the arterial and the venous ends of the vascular bed, records were obtained as illustrated in figure 4 . This recording shows the effect of closure of the arterial supply at A, a subsequent 10-second period for pressure stabilization, closure of the venous outflow stopcock at B, and initiation of the injection at C. The injection produces the expected rise in venous pressure, which is of a sigmoid form similar to those previously observed in recordings from the aorta. At this rate of injection, however, pressure on the arterial side of the loop shows no change from the level to which it had fallen after occlusion of the arterial inflow. This is interpreted as evidence that the injected blood did not flow back into the arterial side of the vascular bed under the conditions of these experiments. The venous pressure curves are therefore considered to represent pressurevolume diagrams of the venous system of the intestinal loop. This interpretation does not delimit the "venous system" in anatomic terms, but merely identifies it as that portion of the vascular bed which is in pressure-volume equi- libration with the large veins in these experiments.
It should be noted in figure 4 that, as a consequence of recording pressure from the injection site, there is an initial transient pressure rise at C and an upward displacement of the curve which Peterson 6 has interpreted as being associated with the forces of acceleration incident to the injection. These phenomena do not appear relevant to our problem of defining pressure-volume diagrams, and therefore we have subtracted these acceleration effects in retracing the curves.
Initial blood volume in the intestinal loops could not be quantitated, but the change in vascular volume produced by the constrictor drug was estimated by transferring the loop to the scale pan of a torsion balance. This transfer could be accomplished without interrupting blood flow through the preparation. A thermometer embedded in the coils of the loop and a light bulb over the preparation were used in regulating temperature; a pad of saline-soaked gauze enclosed the loop to prevent drying. Weights were added to the weight-pan of the scale and an initial weight of the preparation was obtained. The rider of the balance was then moved over to the extreme right where it came to rest upon a strain gauge transducer which had been mounted on the side of the case enclosing the balance. This permitted continuous recording with an optical galvanometer of any changes from the initial weight. Although the absolute value of the initial weight was sub-144 VASOCONSTRICTION AND VASCULAR DISTENSIBILITY ject to error because of the drag of the connecting tubing between the animal and the perfused loop, the galvanometer deflections indicating changes in weight could be accurately calibrated by placing known weights on top of the loop. This calibration could be further checked by comparing the recorded weight increase during injection with the known volume injected.
This continuous weighing method also served as a fairly sensitive detector for motility in the loop, a factor which can seriously distort distensibility measurements because of external compression of the blood vessels. 7 Although the connections to the external circuit were clamped over the balance in such a fashion as to minimize drag on the preparation, motility still produced undulations in the weight recording. Intra-arterial atropine was administered liberally to eliminate these undulations, and no record considered suitable for analysis unless it was free of evidence of motility.
In an additional series of experiments, distensibility measurements were made without interruption in blood flow by the venous outflow technic. 5 This method involves a sudden lowering of the venous pressure while venous outflow is being continuously recorded. A gush of excess blood which follows the lowering of pressure represents a volume of blood that was distending the system at the higher pressure.
Influence of Rate of Injection into the Splanch-
nic Venous System. The splanchnic venous system displays considerable delayed compliance in its elastic behavior. 6 It was not surprising, therefore, to find that variations in injection speed had a significant influence on the form of the pressure-volume diagrams. Figure 5 shows successive diagrams recorded at 10-minute intervals over an injection range of from 10 to 100 cc. per minute. To make certain that the observed spectrum was not related to the order in which the injections were carried out, the curves shown were averaged from two successive series of recordings made in reverse sequence. These data make clear the necessity of exact control of injection speed when studying the action of drugs, a requirement which is fulfilled by the motor-driven syringe employed in these studies. For most purposes, an injection speed of 50 cc. per minute was selected, since it minimized distortion of the data due to fluid leakage from the vascular bed with prolonged injection periods and did not create the excessive acceleration phenomena which appear in the recorded pressures at high rates of injection.
Influence of Constrictor Drugs on the Pressure-
Vohmie Diagram. Pressure-volume diagrams obtained from the venous system of intestinal loops before and after injecting adrenaline into the mesenteric artery are illustrated in figure 6 ; the volume change is expressed here as change in weight of the loop. Curves of identical form were obtained from experiments in which the loop was exteriorized but not actually removed from the dog (as in figure 4) , although in the latter instance the action of vasoconstriction in displacing the initial volume (weight) along the abscissa could not be determined.
Below a pressure of 10 cm. saline, increments of volume produce a sharper rise in pressure after the administration of adrenaline than before. This initial decrease in distensibility shortly gives way to a marked increase in distensibility over the pressure range of 20 to 40 cm. of saline, which may be considered the normal physiologic range of pressures in the peripheral vessels of the splanchnic bed. Because of this increased distensibility of the constricted vessels, the two curves approach each other at the highest pressures.
Similar results were obtained by using Neo-Synephrine ( fig. 7) . Under the influence of this drug, a definite increase in distensibility is again evident in the midrange of pressures. It is typical of experiments on intestinal loops, however, that the curves do not actually superimpose at the highest pressure range, as is clearly evident in figure 7 , in contrast with the results from the aorta shown in figure 2. This may be at least partially explained by the fact that the drug influences the weight recording by acting on the entire vascular bed of the loop, while the distensibility measurements involve only the venous portion of that bed ( fig. 4) .
Tests of the action of constrictor drugs at slower and faster injection rates yielded differences in the form of the pressure-volume diagrams similar to those shown in figures G and 7, even though the general steepness of the diagrams at different rates of injection varied as indicated in figure 5 . Unfortunately an exact quantitative comparison of drug actions at different injection rates has not yet proved technically feasible. bilities before and after constrictor drugs were also analyzed in intestinal loops as well as in the intact splanchnic system by the venous outflow technic. 6 When pressure was dropped from a level of 25 cm. to 15 cm. saline, the measured distensibility volumes were always increased after constrictor drugs, giving values of from 80 to 200 per cent in excess of the control determinations in the eight dogs studied by this method. Such consistent results were not found, however, over the low pressure range. The most common pattern after constrictor drugs was a decrease in distensibility in the pressure range below 15 cm. saline, but in some instances no significant change or an actual increase was observed. Since these observations were chronologically the first performed in this study, the discordance in results at low pressures in spite of the consistent results at higher pressures was quite perplexing. The curves in figures 6 and 7, however, show that these discrepancies are compatible with alterations in the form of the sigmoid distensibility curves in this pressure range as demonstrated by the injection method. Though the data obtained by this continuous flow method are meager as compared to that obtainable by the injection method, the essential agreement in the results obtained by the two methods is of significance, since the continuous flow method is not subject to the criticisms relevant to the use of a stagnant vascular bed in distensibility determinations.
DISCUSSION
The results of this study are in accord with previous interpretations 2 that the muscular component is more distensible than are the other elastic elements in the blood vessel. With contraction of the smooth muscle, more of the elastic load must be borne by this muscular component, and hence there tends to be an increased distensibility of the blood vessels.
Acting in the opposite direction, however, is the mechanical effect of curvature of the vessel wall, originally described by Laplace. At all points around the circumference of a cylindric vessel, the elastic forces in the wall are acting tangentially, which is at right angles to the radially directed distending pressure. In the absence of any curvature, a force vector acting at right angles to the distending force would be incapable of resisting distension of the structure. As the wall assumes greater degrees of curvature, the elastic forces acquire a progressively greater mechanical advantage for resisting distension of a cylindric vessel by internal pressure. This principle applies not only to passive elastic forces, but becomes even more important in reference to active tension created by the vascular smooth muscle, as has been emphasized by Burton. 8 It must therefore be anticipated that the potentially greater distensibility of the muscular element will tend to be counteracted as active constriction reduces the radius of the vessel, and thereby increases the effectiveness with which tension in the wall is capable of resisting distension. This is illustrated by the linear tensionlength plot of figure 3, in which distensibility in the constricted aorta becomes greatest as the tension approaches zero; yet when expressed in pressure-volume terms (fig. 2 ) the difference in slopes of the constricted and dilated curves is minimal near zero pressure, associated with the characteristic sigmoid twist in these curves which is produced by the Laplacian effect. To overcome this tendency of the Laplacian effect to mask the significant increase in distensibility of the aorta produced by vasoconstriction, it requires distension of the vessel by pressures of over 100 mm. Hg.
In the case of the splanchnic venous system, the presence of smaller vessels would lead one to expect a greater dominance of the Laplacian effect. This would explain the findings that the constricted vessels usually exhibited an actual decrease in their distensibility over the low pressure range, while at higher pressure a definite increase in the distensibility of the constricted vessels becomes evident. The pressurevolume diagrams in the splanchnic venous system therefore appear to exhibit the same phenomena as those observed in the aorta. The fact that the inflections in the sigmoid distensibility curves occur at quite different pressures in the aorta and in the splanchnic venous system is not surprising, in Anew of the different pressure ranges over which these vessels normally function. The explanation for this quantitative difference presumably resides in both histologic and physical differences in the distensible elements of the respective vessels, associated at least in part with the dominance of elastic tissue in the aorta as contrasted with the dominance of muscular and fibrous tissue in the venous system. A word of caution should be expressed, however, against oversimplification of the problem. In the varied pattern of vascular architecture found in the intestinal loop, there are complexities which have no equivalent in a simple cylindric vessel. While this would not invalidate the interpretation of the over-all behavior of the venous bed as outlined above, discrete elements of the bed may not be following the mean observed trend at any given pressure. Further difficulties arise in attempting to integrate the influence of rate of distension into concepts of vascular distensibility. Figure 1 demonstrates that in the aorta this is not of major consequence, but figure 5 indicates that the form of the venous distensibility curve is significantly altered by varying the injection rate. It has been shown elsewhere 9 that this characteristic of delayed compliance is also dependent on pressure, manifesting itself to a much greater degree at high than at low pressures, as could be inferred from figure 5. Delayed compliance appears to depend upon relaxation of smooth muscle in distended vessels, and therefore may have important implications for explaining the distensibility of the smooth muscular element. Difficulties in analyzing these various parameters of the system simultaneously would be quite discouraging for one interested in defining the distensibility properties of blood vessels in static terms. Actually, these phenomena indicate that static vascular distensibilities, when applied to such structures as the splanchnic venous system, are both physically and physiologically meaningless; venous distensibility is clearly a dynamic problem. This study, employing distension of the vessels over a specified range of injection rates, must therefore be regarded as only a first approximation to the description of the action of vasoconstriction on splanchnic venous distensibility.
There is an obvious hazard in stressing the physiologic implications of such a first approximation, but a few speculations along these lines should be profitable as a guide to further studies. The aorta serves as an elastic reservoir for maintaining blood at a suitable pressure for perfusion of the organs. Adrenergic stimulation under conditions of stress would increase the distensibility of this reservoir so that it could accommodate and deliver greater volumes of blood for comparable changes in pressure. Its function as an elastic reservoir would thereby become more effective. In the case of the splanchnic venous system, adrenergic stimulation would serve to constrict the vasculature so as to mobilize blood for the central circulation, particularly when the venous pressure was low. If venous pressure is elevated, moreover, the distensibility of the venous system increases so as to serve as an effective venous reservoir, taking up or discharging significant volumes of blood with minimal changes in pressure. CONCLUSIONS 
1.
A comparison of pressure-volume diagrams of the splanchnic venous system with those obtained from a segment of the thoracic aorta reveals similar sigmoid curves in both structures, although rate of distension is of much greater significance in determining the slope of the distensibility curve in the venous bed than in the aorta.
2. Previous observations that the muscular elements are more distensible than are the other elastic elements of blood vessels are supported; hence adrenergic stimulation increases the distensibility of the aorta and augments its effectiveness as an elastic reservoir.
3. Adrenergic stimulation similarly increases the distensibility of the splanchnic venous system, provided that there is sufficient distension to counteract the Laplacian effect; at low pressures the effect of wall curvature masks the muscle distensibility so as to decrease the volume distensibility of the constricted vessels.
